Proteomic analysis was used to generate a map of Populus deltoides CL. "2KEN8" mature pollen proteins. By applying 2-D electrophoresis, we resolved 403 protein spots from mature pollen. Using the matrix-assisted laser desorption/ionization time time-of-flight/time-of-flight tandem mass spectrometry method, we identified 178 distinct proteins from 218 protein spots expressed in mature pollen. Moreover, out of these, 28 proteins were identified as putative allergens. The expression patterns of these putative allergen genes indicate that several of these genes are highly expressed in pollen. In addition, the members of profilin allergen family were analyzed and their expression patterns were compared with their homologous genes in Arabidopsis and rice. Knowledge of these identified allergens has the potential to improve specific diagnosis and allergen immunotherapy treatment for patients with poplar pollen allergy.
Introduction
In spermatophytes, pollen grains are the dispersal agents of sperm cells and are vital for successful sexual reproduction and subsequent seed and fruit production (Sheoran et al., 2007) . The development of pollen, microsporogenesis and microgametogenesis involves the coordinated expression of several genes in different tissues of an anther (Mccormick, 2004; Ma, 2005) , and pollen grains at maturity contain a large number of transcripts with designated roles in cell wall metabolism, cytoskeleton formation, cell signaling, and vesicle transport (Becker et al., 2003; Honys and Twell, 2003; Pina et al., 2005) . It has been reported that pollens are a major cause of Type I allergies due to the presence of several allergens (Nakamura and Teshima, 2013) . Manifestation of allergic diseases, spanning from mild rhinitis to anaphylaxis is a major health problem, affecting the quality of life of millions of people all over the world (Sircar et al., 2012) . More than 30% of the world population is affected by different kinds of allergy, caused by naturally occurring as well as synthetically produced compounds and their prevalence is increasing daily (Singh and Shahi, 2008) .
The proteome is the entire set of proteins expressed by a genome, cell, tissue, or organism (Wilkins et al., 1996) . It is highly dynamic and depends on cell cycle, environmental influences and tissue/cell type. Rapid advances in proteomic technologies, along with completion of many plant species genome sequencing projects and availability of comprehensive public sequence databases, have provided tremendous impetus to plant proteomics research (Canovas et al., 2004; Hirano et al., 2004) .
In recent years, proteomic techniques that target protein allergens, i.e., allergenomics, emerged as powerful tools for comprehensive allergen analysis (Akagawa et al., 2007; Picariello et al., 2011) . At first, proteomic analyses were used to detect novel allergens by identifying proteins following separation by 2-DE and MS (Nakamura and Teshima, 2013) . Compared to conventional methods based upon protein isolation processes, proteomics has accelerated identification of numerous allergens in plants. Furthermore, novel allergenomics techniques, which consider the properties (biochemical, structural, reactivity) of the allergens, have been developed (Kitta et al., 2006; Yano and Kuroda, 2008; Shahali et al., 2012) . However, up to recent times, very little was known about the molecular basis of poplar pollen allergy, one of the more common causes of allergy symptoms, particularly in spring.
On this basis, the objective of the present study was to identify likely allergenic proteins of Populus pollen. The genus Populus contains approximately 30 species of woody plants, all found in the Northern hemisphere and exhibiting some of the fastest growth rates observed for trees growing in temperate climate (Taylor, 2002) . P. deltoides is a poplar species with a high yield, fine wood quality, strong adaptability and disease resistance. Therefore, it is used widely worldwide as an important woody species. However, P. deltoides releases large amounts of pollens in spring and these pollens are surmised to cause the allergenic response in human. Such pollens belong to the most important elicitors of allergy in adults and adolescents (Vieths et al., 2002) . Allergy is an adverse reaction to normally harmless substances, such as allergens, by the immune system, and it involves immune response mediated by an increased amount of immunoglobulin E (IgE) or IgG antibodies (Bohle, 2004) . Once sensitized, human can become allergic to homologous proteins of other pollens or present in food, via cross-reactivity (Vieths et al., 2002) . The inhalation of pollen from several birch trees and grasses is the main cause of primary sensitization in humans (Bartra et al., 2009) .
The majority of allergens present in plants belong to four families: pathogenesis-related protein 10 (PR-10 protein, birch allergen Bet v 1 homologs), thaumatin-like proteins (TLP, PR-5 proteins), non-specific lipid transfer proteins (nsLTPs, PR-14 proteins) and profilins (PRF) (Breiteneder and Ebner, 2000) . Due to the common structure and properties of such allergens over a wide range of plant species, genera and even families, allergy cross-reactivity has been frequently observed.
By combining two-dimensional gel electrophoresis (2-DE) with matrix-assisted laser desorption/ionization time timeof-flight/time-of-flight tandem mass spectrometry (MALDI-TOF/TOF MS/MS), and by using the available databases for P. trichocarpa and other plant species, a comprehensive analysis of P. deltoides CL. "2KEN8" mature pollen proteome was performed in the present work. Many of the proteins identified in this study have predicted roles in defense mechanisms, energy conversion, pollen germination, and pollen tube growth, and possibly in sperm cell formation. To our knowledge, there has been no previous proteomic study to predict the pollen allergens of poplar. Thus, we aimed to identify expressed proteins and the likely allergens in poplar mature pollen.
Materials and Methods

Plant Materials and Pollen Collection
"2KEN8" trees, one of the widely grown high-yield P. deltoids in China were obtained from nursery of Chinese Academy of Forestry, Beijing, China. The flowering branches were cut and then placed in water in a greenhouse. At anthesis, fresh pollen was collected in the morning by shaking the tassel in a plastic bag, while old pollen and anthers were removed from tassels by vigorous shaking the evening of the day before. For RNA isolation and qRT-PCR, four tissues (leaf, stem, root, and pollen) were collected from P. deltoids. Samples were frozen immediately in liquid nitrogen, and stored at −80 • C for further analysis. Three biological replicates were performed.
Protein Extraction
The pollen samples (∼0.3 g) were ground to a fine powder in a pestle and mortar in liquid nitrogen, and extracted with acetone containing 10% (w/v) TCA (for electrophoresis, SigmaAldrich) and 1% (w/v) DTT (biotechnology grade, Amersco). The samples were kept at −20 • C for at least 2 h. The samples were centrifuged at 25,000 g for 20 min at 4 • C, and the resulting pellets were washed by suspending in acetone containing 1% (w/v) DTT, incubated at −20 • C for 2 h, and centrifuged as above. The pellets were suspended again in acetone, sonicated (15 s duration, 3 times with 5 min intervals) on ice at 200 W in 6 mm ultrasonic probe in JY92-II DN sonicator homogenizer (Ningbo Scientz Biotechnology Co, China), and centrifuged at 25,000 g as above. The pellets were vacuum dried and total soluble proteins were extracted by dissolving in isoelectric focusing (IEF) compatible buffer comprising 8 M urea, 20 mM DTT, 4% (w/v) CHAPS (ultrapure bioreagent, Sigma), and 2% (v/v) ampholytes (pH 4-7, GE Healthcare). Solution were vortexed extensively for 1 h at room temperature, centrifuged at 4 • C for 20 min at 25,000 g, and the supernatants were collected. The resulting pellets were resolubilized and vortexed for 1 h, centrifuged at 25,000 g (20 min, 4 • C), and the supernatants combined with those collected earlier. The resulting protein samples were centrifuged again for 20 min at 25,000 g (4 • C). Total soluble protein in the supernatants was estimated with Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA) and used immediately for further analysis or stored at −80 • C for later use.
Two-dimensional Gel Electrophoresis (2-DE)
2-DE was carried out as previously described (Sheoran et al., 2006) . IEF was performed using the Ettan III system (GE Healthcare) and 18-cm Immobiline Dry Strips of 4-7 linear pH gradients (GE Healthcare, OK, USA). The strips were rehydrated overnight in a solution containing 8 M urea, 2% (w/v) CHAPS, 20 mM DTT, 0.002% (w/v) bromophenol blue, 2% (w/v) IPG buffer (pH 4-7), and 600 μg of the protein sample. IEF was carried out by applying a voltage of 250 V for 1 h, followed by an increase to 3500 V over 2 h, and holding at 8000 V until a total of 60 kVh was obtained.
Following IEF, the strips were equilibrated for 15 min in a buffer containing 0.1 M Tris-HCl (pH 8.8), 2% (w/v) SDS (proteomics grade, Amresco), 6 M urea, 30% (v/v) glycerol (biotechnology grade, Amersco) and 0.1 M DTT, and for another 15 min in the same buffer containing 0.25 M iodoacetamide without DTT. The equilibrated strips were applied to vertical SDS-polyacrylamide gels (12.5% resolving 5% stacking) and sealed with 0.5% agarose in SDS buffer (see below for the composition) containing bromophenol blue. Electrophoresis was performed in two gels for 30 min at 10 mA gel −1 , and then at 30 mA gel −1 until the dye front reached the bottom of the gels, in an SDS electrophoresis buffer containing 25 mM TRIS base, 192 mM glycine, and 0.1% (w/v) SDS, pH 8.3 in a PROTEAN II XL multi-cell (Bio-Rad, USA).
Gel Staining and Image Analysis
Gels were fixed overnight in 50% (v/v) ethanol with 10% (v/v) orthophosphoric acid, washed with water (1 h), and stained with Colloidal Coomassie Blue G-250 (CCB) as described earlier (Sheoran et al., 2006) . Images of the stained gels were captured with a scanner (UMAX Powerlook 2100 XL; UMAX, Taiwan, China) and analyzed with ImageMaster 2D Platinum Software (Version 6.0; Amersham Biosciences, Uppsala, Sweden). Two replicate gels were run for each of three different pooled pollen samples collected from different batches of plants.
MALDI-TOF/TOF MS/MS
Selected spots were excised manually from the 2-DE gels and automatically de-stained, dehydrated, reduced with DTT, alkylated with iodoacetamide, and digested with gold grade trypsin (Mass grade, Promega) using a MassPREP protein digest station (Micromass, Manchester, UK) according to the recommended procedure. Samples were then analyzed by a MALDI-TOF/TOF tandem mass spectrometer ABI 4800 proteomics analyzer (Applied Biosystems, Framingham, MN) . For acquisition of mass spectra, 0.4 μl samples were spotted onto a MALDI plate, followed by 0.4 μl matrix solution [0.5 M CHCA in 50% (v/v) ACN (HPLC grade, Fisher) and 0.05% (v/v) TFA (HPLC grade, Merck)]. Mass data were acquired with 4000 Series Explorer Software v3.5 in batchprocessing mode of MS/MS. All MS survey scans were acquired over the mass range m/z 800-4000 in the reflection positive-ion mode. The MS peaks were detected on minimum S/N ratio ≥10 and cluster area S/N threshold ≥40 without smoothing and raw spectrum filtering. Peptide precursor ions corresponding to contaminants including keratin and the trypsin autolytic products were excluded in a mass tolerance of 0.5 Da.
Database Search, Annotation, and Allergen Prediction
For protein identification, the acquired MS/MS data were uploaded on the Protein Pilot software (Applied Biosystems, Framingham, MN) and compared against P. trichocarpa genome database (http://phytozome.jgi.doe.gov/pz/portal.html#! info?alias=Org_Ptrichocarpa), NCBI non-redundant protein sequence database (NCBI-nr) and Swiss-Prot database. Searches were performed using the following parameters: trypsin as the proteolytic enzyme, allowing for one missed cleavage; carbamidomethylation of cysteine as a fixed modification; oxidation of methionine as a variable modification. Proteins identified with a Mowse score greater than 60 (significant at 95% confidence interval) are reported.
To annotate the identified proteins with Gene Ontology (GO) terms, the sequences were imported into Blast2GO (Conesa et al., 2005) , a software package that retrieves GO terms, allowing gene functions to be determined and compared. These GO terms are assigned to query sequences, producing a broad overview of groups of genes catalogs into three ontology vocabularies, biological processes (BP), molecular functions (MF), and cellular components (CC). The output GO terms were then slimmed in REVIGO and treemaps were produced (Supek et al., 2011) .
Allergen prediction were realized by using the SDAPStructural Database of Allergenic Proteins (http://fermi.utmb. edu/SDAP/index.html) under the two conditions of (1) sequence similarity >35% between presently obtained proteins and reported allergen proteins and (2) the presence of at least eight consecutive amino acids in the analyzed protein sequences compared to known allergen proteins (Ivanciuc et al., 2003) . Furthermore, predictions for antigenicity were realized using the online software (http://imed.med.ucm.es/Tools/antigenic.pl) based on the algorithm of Kolaskar and Tongaonkar (1990) . By these criteria, some of the presently analyzed poplar mature pollen proteins were declared as likely corresponds to allergen related proteins.
Publicly Available Microarray Data Analyses
Microarray data for various tissues were available at NCBI Gene Expression Omnibus (GEO) database (http://www.ncibi. nlm.nih.gow/geo/), notably under the series accession number GSE21481 (for P. trichocarpa). Probe sets corresponding to selected genes were identified using the online Probe Match tool POParray (http://aspendb.uga.edu/poparray). For genes with more than one probe sets, the median of expression values was considered. The expression data were normalized by the Gene Chip Robust Multiarray Analysis (GCRMA) algorithm followed by log transformation and average calculation. Normalized values were extracted for further analyses.
Sequence Alignments and Phylogenetic Analyses
Multiple alignment of profilin protein sequences from poplar, Arabidopsis, and rice were performed using the Clustal X2.1 program (Larkin et al., 2007) . Phylogenetic trees were constructed using the neighbor-joining method in the MEGA package V5.2 (Tamura et al., 2011) with bootstrap values from 1000 replicates indicated at each node. Secondary structures of proteins were predicted using the Protein Structure Prediction Server (PRIPRED, http://bioinf.cs.ucl.ac.uk/ psipred/).
RNA Isolation and Real-time qRT-PCR
Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen) with on-column treatment using RNase-free DNase I (Qiagen) to remove any contamination of genomic DNA. First-strand cDNA synthesis was carried out with approximately 1 μg RNA using the SuperScript III reverse transcription kit (Invitrogen) and random primers according to the manufacturer's procedure. Primers with melting temperatures of 58-60 • C and amplicon lengths of 100-250 bp were designed using Primer3 software (http://frodo.wi.mit.edu/primer3/input. htm). All primer sequences used are listed in Table S1 . qRT-PCR was conducted on LightCycler 480 Detection System (Roche, Penzberg, Germany) using SYBR Premix Taq Kit (TaKaRa, Dalian, China) according to the manufacturer's instructions. The PtActin gene was used as internal control.
Results and Discussion
Proteomic Maps of P. deltoides Mature Pollen
After the 2-DE gels were aligned and matched, a total of 403 reproducible protein spots were detected in P. deltoides CL. "2KEN8" mature pollen. These proteins cover the pI range from 4 to 7 and the MW range from 5 to 120 kDa (Figure 1) . All detected protein spots were processed by automated ingel tryptic digestion and MALDI-TOF/TOF MS/MS analysis. After searching various publicly available protein databases, out of the 403 detected protein spots, 218 spots allowed the identification of 178 different proteins. Zou et al. (2009). alias=Org_Ptrichocarpa). The calculated MW of the identified proteins ranged from 6.9 to 106.0 kDa, and the calculated pI ranged from 4.26 to 8.95, which is close to the experimental data as judged from the location of the spots on the 2-DE gels (Table 1 and Figure 1) . Proteomic analyses showed that correlations between identified proteins and spot locations on the gels 2D-might not be one-to-one. In particular, expression of a given gene can give rise to several polypeptides located in different gel spots (Noir et al., 2005; Zou et al., 2009) . Consistent with this, the present study showed that 40 proteins were associated with different spots (Table 1 ). There might be several possibilities to account for different electrophoretic migrations of the same protein in a 2D-gel. One possibility corresponds to post-translational modifications of the proteins, such as phosphorylation, methylation, glycosylation, or acetylation (Jensen, 2004) . In general, these modifications do not significantly affect the MW of a protein, but induce a pI shift on the protein spot on the gel (Holmes- Davis et al., 2005; Noir et al., 2005) . Another possibility relies on alternative splicing of mRNAs during translation (Brett et al., 2002) or on partial synthesis of proteins during pollen maturation (Loraine et al., 2013) .
a, Proteins were identified in Arabidopsis mature pollen using 2-DE and Electrospray ionization tandem mass spectrometry (ESI-MS/MS) by Holmes-Davis et al. (2005); b, Proteins were identified in Arabidopsis mature pollen using 2-DE in combination with MALDI-TOF MS and LC-MS/MS by Noir et al. (2005); c, Proteins were identified in tomato pollen using 2-DE and MALDI-TOF MS by Sheoran et al. (2007); d, Proteins were identified in Arabidopsis mature pollen and pollen tubes using 2-DE and MALDI-TOF MS by
A previous study identified 135 proteins from Arabidopsis mature pollen proteome (Holmes-Davis et al., 2005) , of which 74 were presently detected in P. deltoids mature pollen ( Table 1) . Another study identified 121 proteins from Arabidopsis mature pollen proteome (Noir et al., 2005) , of which 86 were presently detected in P. deltoids mature pollen ( Table 1) . Zou et al. (2009) by using 2-DE and MALDI-TOF MS identified 189 distinct proteins from Arabidopsis mature pollen and pollen tubes, and 98 of them were detected in the present study ( Table 1) . In tomato, 133 proteins were identified from tomato pollen (Sheoran et al., 2007) , and 56 of them were also detected in P. deltoids mature pollen in our present study. Therefore, despite differences that may be attributed to the methods of protein extraction, choices of immobilized pH gradient (IPG) strips with different pH ranges, spot selection for MS analysis and the different plant species used, our present data support the finding that the P. deltoids mature pollen proteome exhibits common features with mature pollen proteomes from other plant species. However, it is noted that in our study, 89 new proteins were identified that were not reported before in the previous studies mentioned above ( Table 1) . Most of these newly identified proteins were classified into development and protein fate. Interestingly, a large number of sHsps (spots No. 40, 68, 69, 70, 142, 143, 144, 150, 151, 152, 156, 165, 166, 184, 187, and 188) were identified in P. deltoides mature pollen. It has been reported that sHsp expression is developmentally induced in tobacco pollen. Notably, it appears that different subsets of cytosolic sHsp genes are expressed in a stage-specific fashion suggesting that certain sHsp genes may play specific roles in early stages of pollen development, while others may play a role in later stages, e.g., desiccation tolerance (Volkov et al., 2005) . Moreover, we found that spots No. 96, 109, 120, 127, 128 , and 134 are proteasome-related proteins, in agreement with the finding that the ubiquitin/proteasome pathway is involved in pollen tube growth (Sheng et al., 2006) . Most of the protein fate proteins seem to correspond to Hsps. This presumably reflects a remnant process of late pollen development allowing desiccation tolerance. The majority of identified proteins are preferentially implicated in the determination of protein fate (17.57%) rather than in protein synthesis (14.41%, Table 1 ). It has been demonstrated that Arabidopsis pollen is charged with stored mRNA and performed translation apparatus enabling rapid activation upon hydration and germination (Honys and Twell, 2003) as it was established for seeds (Rajjou et al., 2004; Galland et al., 2014) . Our results support this concept.
Functional Classification of Identified Proteins
To assign functional information to the presently identified proteins, we first classified them into functional groups according to previous proteomic analyses ( Holmes-Davis et al., 2005; Noir et al., 2005; Sheoran et al., 2007; Zou et al., 2009) . As shown in Table 1 , the three major groups of identified proteins in P. deltoides mature pollen were involved in energy regulation (18.47%), protein fate (17.57%), protein synthesis and processing (14.41%), and metabolism (11.71%) in good agreement with previous studies showing that the majority of proteins expressed in mature Arabidopsis pollen are involved in energy and general metabolism (Holmes-Davis et al., 2005; Noir et al., 2005; Sheoran et al., 2006) . Furthermore, GO analysis was carried out, which provides a dynamic, controlled vocabulary, and hierarchical relationships for the representation of information on biological process (BP), molecular function (MF), and cellular component (CC), allowing a coherent annotation of genes and their products (Ashburner et al., 2000) . For BP, cellular metabolic process (GO:0044237, 107 proteins) was the most represented GO term, followed by macromolecule metabolic process (GO:0043170, 80 proteins) and response to stress (GO:0006950, 67 proteins) (Figure 2A) . Regarding MF, proteins with catalytic activity (GO:0003824, 82 proteins) and ion binding (GO:0043167, 38 proteins) were highly represented ( Figure 2B ). For CC, the most represented category was intracellular (GO:0005622, 132 proteins), cytoplasm (GO:0005737, 126 proteins), and membrane-bounded organelle (GO:0043227, 94 proteins) ( Figure 2C) .
To gain further insight into functional classification of proteins present in the P. deltoides mature pollen proteome, the GO terms along with their P-values were further summarized independently by the REVIGO reduction analysis tool that condenses the GO description by removing redundant terms (Supek et al., 2011) . The results of these further reductions are visualized in Figure 3 . For categories based on BP, the translational elongation and hexose metabolism processes were main GO terms in P. deltoides mature pollen. For categories based on CC, the identified proteins were mainly related with mitochondrial function.
Prediction of Allergens in P. deltoides Mature Pollen
Pollen grains are known to contain a number of proteins that can act as allergens (Mohapatra and Knox, 1996) . Poplar trees release large amounts of pollen in spring that might cause the allergenic response. To date, many sequences and structures of allergenic proteins have been determined. Most of them can be grouped into a few families (Aalberse, 2000; Breiteneder and Ebner, 2000) , suggesting that they share common characteristics that contribute to their ability to bind IgE and trigger an allergic reaction (Ipsen and Løwenstein, 1997; Sicherer, 2001) .
To identify the likely allergen proteins present in P. deltoides mature pollen, the currently identified proteins were searched through SDAP, a web server that provides rapid, cross-referenced access to the sequences, structures and IgE epitopes of allergenic proteins (Ivanciuc et al., 2003) . In this way, 28 mature pollen poplar proteins were predicted as being candidate allergens ( Table 2) . Then the potential antigenic peptides were determined using the method of Kolaskar and Tongaonkar (1990) . Here, predictions are based on a table that reflects the occurrence of amino acid residues in experimentally known segmental FIGURE 3 | GO treemaps for the identified proteins in P. deltoides pollen. GO terms for proteins identified in P. deltoides pollen are shown. The box size correlates to the -log10 P-value of the GO-term.
Boxes with the same color can be grouped together and correspond to the same upper-hierarchy GO-term which is found in the middle of each box. epitopes. Segments are only reported if they have a minimum size of eight residues. From this search, the predicted antigenic peptides in the 28 predicted P. deltoides antigen proteins are shown in Figure 4 and Figure S1 .
In P. deltoids pollen, four small Hsps (spots No. 142, 144, 156, and 184) and four Hsp70 (spots No. 3, 5, 12, and 22) were identified as corresponding to allergenic molecules ( Table 2) . It has reported that class I small heat shock protein (Hsp) is one of allergens in soybean (Gagnon et al., 2010) . Hsp70 proteins have been demonstrated to bind to human IgE from patients sensitized to penicillium (Shen et al., 1997) , cystic echinococcosis (Ortona et al., 2003) , and to corn and wheat dust (Chiung et al., 2000) . Spots No. 161 and 164 correspond to pollen Ole e 1 allergen, which was first purified from Olea europea (Lauzurica et al., 1988) and named as Ole e 1 according to the IUIS nomenclature (Marsh et al., 1986 ). This protein is surmised to control pregermination and pollen tube emergence and guidance (de Dios Alché et al., 2004) . In addition, thioredoxin proteins (spots No. 181 and 208) FIGURE 4 | One example (spot No. 3) of determined antigenic peptides in predicted antigen proteins. Predictions are based on a table that reflects the occurrence of amino acid residues in experimentally known segmental epitopes (Kolaskar and Tongaonkar, 1990; Ivanciuc et al., 2003) . Total prediction data of 28 candidate antigen proteins were shown in Figure S1 . Table 1 ). and profilin (spots No. 200, 201, 203, and 216) were identified in our study, consistent with the finding that these two types of proteins have previously been reported as being allergens in wheat, maize, and other plant species (Kleber-Janke et al., 1999; Weichel et al., 2006; Villalta and Asero, 2010) .
Expression Patterns of the Predicted Allergen Genes across Various Tissues
Whole genome microarray proved to be a useful means for studying gene expression profiles in poplar (Zhang et al., 2013) . To examine whether the predicted pollen-allergen genes presently characterized are expressed in poplar and to study their expression patterns, a comprehensive analysis was conducted based on an Affymetrix microarray data (GSE21481). The expression patterns of the 28 predicted poplar allergen genes across various tissues are shown in Figure 5 . Noticeably, two genes corresponding to spots No. 161 and 164 (pollen Ole e 1 allergen proteins) were highly expressed in male catkin, thereby suggesting their specific expression in pollen. It is known that Ole e I is expressed in pollen wall and tapetum but not in petals, roots, or leaves (de Dios Alché et al., 1999) . Muschietti et al. (1994) reported that antisense repression of LAT52, a homolog of Ole e I, was associated with abnormal pollen function, consistent with a role of this protein in pollen hydration and/or pollen germination. While only three (spots No. 66, 161, and 164) of pollen allergen genes were highly expressed in male catkin. These genes might play important roles in not only reproductive but also vegetative development. Thus, our data contribute to the identification of new pollen allergenic genes.
To verify the expression patterns of the presently characterized predicted allergen genes, qRT-PCR analysis was performed on four tissues for 16 genes (Figure 6 ). Microarray data in Figure 5 show that the genes corresponding to spot No. 66 (pectin lyase-like family), spot No. 80 (pectin lyase-like family), spot No. 161 (extension family), and spot No. 164 (extension family) were highly expressed in male catkin. Our present qRT-PCR results indicate that the four genes were high expressed in pollen (Figure 6) . Moreover, two genes corresponding to spot No. 78 (NmrA-like negative transcriptional regulator family protein) and spot No. 158 (thioredoxin-dependent peroxidase) also exhibited high abundance in pollen. One likely reason is the pollen we used in qRT-PCR was purer than the male catkin used FIGURE 6 | Expression analysis of allergen related genes in different tissues using qRT-PCR. The relative mRNA abundance of 16 allergen related genes presently described were quantified in four tissues (leaf, stem, root, and pollen). The average expression of each gene was calculated relatively to the reference gene PtActin. Relative expression represents log2 expression values. All primer sequences are listed in Table S1 . The spots No. 200, 201, 203 , and 216 correspond to identified profilin (see Table 1 ). in the microarray analysis in tissue level. In general, the present qRT-PCR results were in good agreement with the microarray data sets analyzed in this study.
Profilin Gene Family and Its Expression Patterns in Poplar
Profilin was first identified as an allergen in birch pollen Bet v2 (Valenta et al., 1991) . These proteins probably function as important mediators of membrane-cytoskeleton communication (Machesky and Poland, 1993) . Profilins specifically bind to several ligands, that is, actin, phosphatidylinositol-4,5-bisphosphate (PIP2), and poly-L-proline. These characteristics enable them to participate in the regulation of actin polymerization and to interact with the PIP2 pathway of signal transduction (Vieths et al., 2002) . Plant profilins exhibit conserved amino acid sequences, share IgE-reactive epitopes, and correspond to highly cross-reactive allergens (Sankian et al., 2005) . In the present study, four profilin proteins were identified in P. deltoides mature pollen (Tables 1, 2 ). To identify all profilin genes in poplar, we performed a BLASTp search against P. trichocarpa genome using profilin protein sequences in Arabidopsis and rice as queries. After confirmation of the protein secondary structure, a total of four profilin genes in poplar were identified. It is noted that all members of this poplar profilin gene family were identified in our proteomic study, suggesting that these profilin proteins are present in high abundance in poplar pollen.
To examine the evolutionary relationships of profilin proteins, we constructed a phylogenetic tree by neighbor-joining method using the full-length profilin proteins in poplar, Arabidopsis, and rice. The phylogenetic tree and amino acid sequences alignment indicate that profilin proteins were highly conserved across three species (Figures 7A,C) . We then analyzed the gene structure in the coding sequence of the profilin gene family. The profilin genes in the three species have three exons with conserved length, except one Arabidopsis profilin gene (At5g56600) of which first exon is longer than for the others ( Figure 7B ). Similar to known profilin structures, poplar profilins consist of three helices and seven β-strands ( Figure 7D) . In birch pollen profilin, the seven β-strands appear as two orthogonal β-sheets, the first sheet being formed by β1, β2, β4, β5, and β6 strands, while the second sheet is formed by β3 and β7 strands (Fedorov et al., 1997) .
We then compared the expression patterns of profilin genes in poplar, Arabidopsis, and rice. As shown in Figure 6 , two poplar genes (corresponding to spots No. 200 and 201) out of the four poplar profilin genes (corresponding to spots No. 200, 201, 203, and 216 ) exhibit high expression level in pollen. In Arabidopsis, two profilins (At2g19770 and At4g29340) are highly expressed in flowers and floral organs (Figure S2A) . In contrast in rice only one profilin (LOC_Os19g17680) is highly expressed in anther ( Figure S2B) . The similar expression patterns of these genes across plant species (poplar, Arabidopsis, and rice, Figure 6 and Figure S2 ) suggest that they kept some conserved functions during plant evolution.
Conclusion
In conclusion, the present study analyzed the proteome of P. deltoides mature pollen for the first time. A total of 403 protein spots were isolated by 2-DE, and 178 distinct proteins were identified from 218 protein spots using MALDI-TOF/TOF MS/MS analysis. Furthermore, 28 proteins were identified as putative allergens and their expression patterns across various tissues were analyzed. The expression patterns across various tissues showed that several of allergenic genes are highly expressed in pollen. Moreover, the members of profilin allergen family were analyzed and their expression patterns were compared with the homologous in Arabidopsis and rice. The similar expression profiles of profilins across different plant species support their conserved functions during plant evolution. 
